Defensins are innate immune molecules that upon recognition of specific phospholipids can disrupt microbial membranes by forming oligomeric assemblies. Structures of two related plant defensins, NaD1 and NsD7, bound to phosphatidylinositol 4,5-bisphosphate (PIP 2 ) and phosphatidic acid (PA), respectively, revealed striking differences in their oligomeric topologies. To understand how NsD7 binds different phospholipids and rationalize the different topologies, we determined the structure of an NsD7-PIP 2 complex. This structure reveals fundamental differences in phospholipid binding compared to NsD7-PA, and an oligomeric topology nearly identical to the previously determined NaD1-PIP 2 complex, establishing that the PIP 2 fibril topology is conserved between NaD1 and NsD7. Our findings highlight the remarkable ability of defensins to bind different types of phospholipids to form oligomeric fibrils with diverse topologies.
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Keywords: antimicrobial; defensin; membrane disruption; oligomeric complex; phospholipid Cationic antimicrobial peptides (CAPs) are innate defense molecules produced by essentially all plant and animal species and often exhibit broad activity against microbial pathogens [1] , mammalian cancer cells [2] [3] [4] , and in a few cases, enveloped viruses [5] . Defensins form one of the largest CAP subfamilies across the plant and animal kingdoms. They are small (~5 kDa), basic, cysteine-rich, and are distinguished from other CAPs based on a characteristic disulfide bond configuration and distinct structural fold known as the cysteine-stabilized ab motif, which renders defensins highly resistant to chemical and thermal denaturation [1, 6] .
Current models postulate that defensins act at the plasma membrane, however, the underlying molecular mechanisms are not well understood [7] . It has long been suspected that defensins form proteinaceous pores and function through insertion into membranes, although the structure of a pore-form has not yet been determined. Recently, a critical role for the plasma membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) was described for the ability of the plant defensins Nicotiana alata defensin 1 (NaD1) [8] and the tomato pistil predominant 3 defensin (TPP3) [9] , as well as the human b-defensin 3 (HBD3) [10] to attack target cell membranes. Recognition of PIP 2 by NaD1 and TPP3 was shown to result in the formation of defensin-phospholipid oligomeric complexes that mediate permeabilization of microbial and mammalian cancer cell membranes. The structural basis of the formation of defensin-phospholipid oligomeric complexes was first elucidated for NaD1 in complex with PIP 2 . NaD1 engaged PIP 2 by forming a horseshoe-like arc comprising seven NaD1 'cationic grip' dimers bound to 14 PIP 2 molecules in a cooperative manner, leading to the formation of large NaD1-PIP 2 oligomeric fibrils [8] . The ability of NaD1 to lyse fungal and cancer cells was linked directly to its oligomerization upon the binding of PIP 2 .
Interestingly, certain plant defensins bind phospholipids rather promiscuously, whereas others are highly specific and only bind a few or just a single type of lipid. NaD1 has been shown to bind all the major phosphoinositol lipids, as well as phosphatidic acid (PA) [8] , while TPP3 is highly specific for PIP 2 alone [9] . In contrast, NaD2 and Medicago truncatula defensin 4 (MtDef4) have been shown to preferentially bind to PA, the binding of which is critical for their antifungal activity [11, 12] . These data suggest that defensin activity is a function of which phospholipid it targets, however, the molecular details governing phospholipid specificity and recognition are not yet fully understood.
Nicotiana suaveolens defensin 7 (NsD7) is a plant defensin with a 91.5% amino acid sequence identity to that of NaD1 (Fig. S1 ). We recently showed that NsD7 also forms oligomeric fibrils when binding PA [13] , however, the resultant oligomers adopt a radically different topology compared to the previously determined NaD1-PIP 2 complex [8] . The NsD7-PA oligomer formed a double helical topology that extended throughout the crystal and featured two distinct lipid binding sites per NsD7 dimer [13] compared to only a single site for the previously determined NaD1-PIP 2 complex. Structure-guided mutagenesis revealed that the novel phospholipid site not previously observed in NaD1 was critical for NsD7-PA oligomer formation as well as for fungal cell killing [13] , demonstrating that despite their small size, defensins harbor considerable flexibility in their modes of engagement with phospholipids.
In addition to binding PA, NsD7 is also able to bind PIP 2 . To understand at the atomic level how NsD7 binds different phospholipids and rationalize the radically different topologies of the previously determined oligomeric complexes of NaD1-PIP 2 and NsD7-PA, we determined the structure of NsD7 in complex with PIP 2 . The structure revealed a similar horseshoe-like oligomeric topology as previously observed for the NaD1-PIP 2 complex, establishing that the PIP 2 fibril topology is conserved among NaD1 and NsD7. This NsD7-PIP 2 structure, together with our previously published structure of NsD7-PA [13] , illustrates the remarkable ability of defensins to utilize a small compact fold to form large oliogmeric fibrils with highly diverse topologies that recognize different types of phospholipids with high specificity. It further highlights the flexibility of defensins to engage in multiple pathways for membrane perturbation by targeting different phospholipids on microbial membranes, thus increasing their potency and pathogen range.
Materials and methods
Recombinant expression and purification of NsD7 and NaD1
NsD7 and NaD1 were overexpressed in the methylotrophic yeast Pichia pastoris as described previously [8, 13] . The pH of the cultures was adjusted to 6.0 with ammonia solution and the cells were removed by centrifugation (15 000 g, 60 min). The defensin-containing supernatant was filtered through a 0.22-lm filter and then applied onto a SP Sepharose column (GE Healthcare Life Sciences, Uppsala, Sweden) pre-equilibrated with 10 mM HEPES, pH 7.4. Unbound material was removed using five column volumes of equilibration buffer, and the bound protein was eluted using equilibration buffer containing 1 M NaCl. Eluted protein was concentrated using Amicon Ultra 3000 MWCO centrifugal filters (Millipore) and desalted into deionized water using the same centrifugal filters. The protein concentration was determined using the bicinchoninic acid assay (Pierce).
Crystallization and structure determination
The NsD7-PIP 2 complexes were prepared by mixing NsD7 with PIP 2 suspended in 10 mM HEPES pH 7.4 using a protein : lipid ratio of 5 : 4 (11.3 : 1.3 mgÁmL À1 ). Crystals were grown over 2 days in sitting drops at 20°C by mixing 150 nL protein : lipid solution with 150 nL well solution containing 20.4% (w/v) poly(ethylene glycol) 3350, 0.2 M sodium formate, 0.1 M N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), pH 9.4. Crystals were flash-cooled at 100 K in mother liquor supplemented with 25% (v/v) glycerol, and diffraction data were collected at the Australian Synchrotron (MX2) and processed using XDS [14] . The structure was solved by molecular replacement using PHA-SER [15] with the structure of dimeric NaD1 as a search model (PDB ID: 4CKQ) [8] . The final model was built with Coot [16] and refined with Phenix [17] to a resolution of 2.60 A. All data collection and refinement statistics are summarized in Table 1 . Refinement yielded R work and R free values of 0.2145 and 0.2700, respectively. All programs were accessed via the SBGrid suite [18] . The raw X-ray diffraction data were deposited at the SBGrid Data Bank [19] (http://data.sbgrid.org) as dataset entry 461 (https://doi.org/10.15785/sbgrid/461). The coordinates have been deposited in the Protein Data Bank (accession code: 5VYP). Figures were prepared using Pymol.
Chemical crosslinking
NsD7 or NaD1 (0.1 mM) were incubated with 0, 0.4, or 0.6 mM PIP 2 or PA at room temperature for 30 min.
Protein complexes were crosslinked at room temperature for 30 min through primary amino groups by addition of 12.5 mM bis[sulfosuccinimidyl] suberate (BS 3 ) in a buffer containing 10 mM HEPES, pH 7.5. Samples were reduced and denatured and subjected to SDS/PAGE and stained with InstantBlue TM (Expedeon, San Diego, CA, USA).
Results and Discussion
Differences in fibril formation between NaD1 and NsD7 with PIP 2 and PA
To establish if differences exist in the ability of NaD1 and NsD7 to oligomerize with PIP 2 and PA, we initially subjected complexes of NsD7 and NaD1 with PIP 2 and PA, respectively, to chemical crosslinking with BS 3 (Fig. 1) . PIP 2 -oligomerization is clearly visualized as a prominent laddering on SDS/PAGE, that is identical for NaD1 and NsD7. NaD1 and NsD7 crosslinking with PA revealed a laddering pattern with similar molecular weights, however, the intensities of the NaD1 bands are significantly weaker than those of NsD7, in particular those at the molecular weight corresponding to monomers and dimers. This suggests that PA-dependent oligomerization of NaD1 is more efficient than that of NsD7 since more NaD1 is present in larger oligomeric complexes. With NaD1 and NsD7 only differing in four residues, it is intriguing that they yield different crosslinking patterns with PA, but not with PIP 2 .
NsD7-PIP 2 forms a high curvature arc To understand at the atomic level how NsD7 engages PIP 2 and to identify differences in NsD7 and NaD1 complexes with PIP 2 , we crystallized and determined the structure of an NsD7-PIP 2 complex. The structure was solved by molecular replacement and refined to a resolution of 2.60 A with an R work /R free of 0.2145/ 0.2700. In the crystal, six NsD7 dimers are arranged in a horseshoe-like arc where each dimer binds two molecules of PIP 2 in a cationic grip conformation ( Fig. 2A ) [8] . The dimers are configured in a manner where they are aligned to form an arc where the open sides of each dimer point in the same direction. This results in the formation of an extended hydrophobic ridge throughout the inside of the arc (Fig. 2B) . Each NsD7 dimer is assembled via an antiparallel arrangement of the N-terminal b-strands of the constituent monomers, as well as via hydrogen bonds between K45 and the carboxyl-group of the C-terminal C47, as well as salt bridges between R5 and the backbone of K1 (Fig. 3A) . The dimer-dimer interactions comprise six hydrogen bonds: E6-K17, N8-D31, and A0-D2 (Fig. 3B) . The two PIP 2 -binding sites in each dimer are identical in their configuration (Fig. 3D,E) , where both monomers are involved in contacting PIP 2 via K4 as well as residues 33-40 which are part of the signature KILRR b2-b3 loop of certain solanaceous plant defensins [20] .
The oligomer topology of NsD7-PIP 2 is conserved with respect to NaD1-PIP 2 The overall topology of the oligomeric NsD7-PIP 2 arc is largely similar when compared to the NaD1-PIP 2 oligomer, with the main differences being that the former comprises six NsD7 dimers instead of seven NaD1 dimers in the latter (Fig. 4A) . Dimers from each structure overlay with an RMS of 0.927 A, and visual inspection confirm that their respective PIP 2 -binding residues are arranged in the same configuration to engage PIP 2 (Fig. 4B) . Notably, just as the conserved R40 was paramount for PIP 2 -mediated oligomerization in NaD1 [8] , R40 in NsD7 is orientated in the same manner.
NsD7 and NaD1 differ in sequence by four residues: K1/ R1, D2/E2, R5/T5, and R26/S26, respectively. As the difference between aspartic acid and glutamic acid is minor, and R26 to S26 is directed outwards to the surrounding solution, only R1/K1 and R5/T5 may have implications for quaternary structure formation. In NsD7-PIP 2 and NaD1-PIP 2 , K1/R1 and R5/T5 contributes to the dimer formation (Fig. 5A ). While K1 in NsD7-PIP 2 is directed inward to the cationic grip, it does not situate in close proximity to the bound PIP 2 molecules.
Differences in oligomeric structures are explained by flexibility in dimer organization
An insight into how plant defensins adopt different oligomeric conformations can be gained by comparing defensin dimers of the NsD7-PIP 2 structure described herein, with those previously published for NsD7-PA and NaD1-PIP 2 [8, 13] . Structural alignments of a dimer of NsD7-PIP 2 with those of NsD7-PA and NaD1-PIP 2 yield RMS values of 1.40 and 0.93 A, respectively. However, the same overlay but with the structural alignment restricted to monomers yields lower RMS values of 0.29 and 0.30 A, respectively (Fig. 5A ). This indicates that the differences in the dimers stem from the relative orientation and tilt of the monomers within the dimer complex, rather than flexibility within the protein.
Larger movements in the b2-b3 loop that govern lipid binding translate only to minor shifts in the b1-strand that is responsible for dimer formation. The allowed flexibility in the dimerization indicates how plant defensins can form different oligomeric complexes with different ligands with no changes in their tertiary structure (Fig. 5B) . This flexibility appears to be mediated through the N-terminal region (Fig. 5A, Fig. S2 ), which guides the specific orientation of dimer formation without having to alter the monomeric conformation.
Compared with the NaD1-PIP 2 and NsD7-PIP 2 structures, the topology of the NsD7-PA helical structure is fundamentally a function of the second PA-binding site, which would not be able to accommodate the much larger head group of PIP 2 (Fig. S3) . The dimers in the NsD7-PIP 2 structure are arranged in a manner that precludes formation of an NsD7-PA-like helical structure. Thus, without the inherent flexibility in NsD7 to form different dimers, the helical topology would be impossible to form. Furthermore, based on the crosslinking assay (Fig. 1) it appears as if the NaD1-PA oligomer is able to form more efficiently compared to NsD7-PA. Based on the currently available structures, however, there is no obvious explanation why the affinity of NaD1 for PA would differ from NsD7.
Roles of PIP 2 and PA in defensin-mediated cell lysis
Although PIP 2 comprises < 1% of membrane phospholipids, it is involved in a substantial number of important cellular functions, such as membrane curvature modulation, membrane protein regulation, cytoskeleton organization, and can act as an association point for many distinct cytoplasmic proteins that serve their function in or near the membrane [21] [22] [23] . Similarly, PA is a key regulator of membrane curvature, an important membrane-cytoskeleton mediator, and a major precursor for phospholipids [24, 25] . Plant defensins have evolved to attack invading microbes through lipid interactions that trigger cell membrane lysis [8, 26] , cell growth inhibition [27] , or the induction of reactive oxygen species (ROS) that trigger apoptosis [28] . Our study shows that NsD7 oligomerizes via different mechanisms depending on which phospholipid it binds. PA-mediated oligomerization leads to the formation of fibrils with a helical topology via two distinct types of binding sites, while PIP 2 -mediated oligomerization results in a highly curved arc that requires only a single type of binding site.
The existence of PA-dependent defensins such as MtDef4 [11] and NaD2 [12] , suggests that PA targeting alone is sufficient for fungal cell killing. However, recent reports indicate that defensins that target inositol lipids such as NaD1 [8] and TPP3 [9] have additional functionalities, including the ability to kill mammalian tumor cells. Other types of lipids, apart from phospholipids, have also been implicated in defensin-mediated fungal cell killing. For example, the ability of the dahlia defensin DmAMP1 to permeabilize Saccharomyces cerevisae cell membranes depends on the expression of mannosyl-diinositol phosphorylceramide [26] . The radish defensin RsAFP2 [28] and the alfalfa defensin MsDef1 [27] both interact with the sphingolipid glycosylceramide. Taken together, these data suggest that the mechanism by which plant defensins attack microbial cell membranes are numerous and that some plant defensins such as NsD7 and NaD1 have evolved a multifaceted approach by acquiring broader phospholipid specificity.
As defensin-mediated cell lysis is dependent on key phospholipids in the inner leaflet of the plasma membrane, defensins must first be able to enter the cytoplasm before exerting their function. Cytoplasmic entry has indeed been observed both for the PIP 2 -dependent defensin NaD1 [8, 29, 30] , and the PAdependent defensin MtDef4 [11] , but a specific Comparison between dimers where only one of the monomers in each dimer has been structurally aligned, highlighting the differences in dimer assembly. The two residues R1/K1 and T5/R5 that differ between NaD1 and NsD7, respectively, are represented as sticks. (B) Side view and top-down view of three dimers from each structure where the middle dimer has been aligned. mechanism of cytoplasmic entry has not been established. It has been shown, however, that in the case of NaD1 and fungal cell interaction, its cytoplasmic entry is dependent on the presence of an intact cell wall [29] . This suggests that there are additional interaction partners that have not yet been identified that assist plant defensins in crossing the cell membrane, possibly either through direct translocation or by endocytosis.
Plant defensins compared to human defensins
A recent analysis suggests that defensins can be divided into two main subfamilies, the 'cis' and 'trans' defensins, that appear to have evolved by convergent evolution [31, 32] . Intriguingly, human defensins appear to belong to a different subfamily than plant defensins, raising the question of whether the mechanism by which human defensins exert their function is conserved or differs from that of plant defensins? Current evidence points to key aspects of the mechanism of action of human defensins being conserved across species [33] . Human a-defensin 6 [34] and bdefensin 1 [35] have both been demonstrated to fibrilize in vivo to form nanonet traps that hinder the mobility of bacteria, however, the oligomerization triggers and the required components have not been clearly identified. Furthermore, we recently demonstrated that human b-defensin 3 contains a motif that binds PIP 2 to mediate tumor cell permeabilization similar to that of the plant defensins [10] . As human defensins possess the ability to target phospholipids and/or to oligomerize as part of their function, this shows that even though plant defensins and human defensins have evolved independently from each other, the mechanism of phospholipid targeting and fibrilization appears to be crucial for their role in innate defense.
Conclusions
In summary, we have shown that the overall topology of PIP 2 -induced NsD7 and NaD1 oligomeric assemblies are conserved, and that the formation of particular NsD7 oligomeric assemblies is dependent on which type of phospholipid is involved in complex formation. A key feature that enables the formation of different oligomeric assemblies by the same defensin appears to lie with flexibility in defensin dimer formation. We have previously established that dimerization of plant defensins is an important aspect for their function and a basic building block for its oligomers [8, 13, 36] . Here, we demonstrate that the precise arrangement of dimers is subject to flexibility within different oligomeric assemblies. Consequently, small variations at the terminal regions of plant defensins can translate to large shifts in the phospholipid-binding region, and subsequently impact the overall topology of the resulting oligomeric complexes.
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